iting a molecular weight twice that of B3 monomers, cGMP-and cAMP-activated currents from excised, inside-out membrane patches. As previously described consistent with the presence of two B3 subunits in mature channels. Third, co-immunoprecipitation studies (Peng et al., 2003a (Peng et al., , 2003b , many of the fundamental properties of the heteromeric channels formed by this with differentially tagged subunits indicated that two CNGB3 subunits associated together, in contrast to combination of subunits differ significantly from those of channels formed by human CNGA3 subunits alone. rod CNGB1 subunits that did not co-assemble. All three of these independent approaches support a As shown in Figures 1B and 1C and Table 1 , channels containing CNGB3 subunits exhibited an increase in B3-B3-A3-A3 subunit arrangement in heteromeric cone CNG channels. fractional activation by a saturating concentration of cAMP compared with saturating cGMP, altered steadystate rectification (I max,ϩ80 mV /I max,Ϫ80 mV ) in saturating conResults centrations of cGMP or cAMP, increased sensitivity to block by L-cis-diltiazem, and an increase in the apparent Tetrameric CNG channels composed of cone photoreceptor CNGB3 and CNGA3 subunits can theoretically affinity for cAMP and decrease in apparent affinity for cGMP. The electrophysiological behavior of CNGB3 assemble with three possible subunit stoichiometries and four possible configurations around the central pore plus CNGA3 channels (Gerstner et al., 2000; Peng et al., 2003a) suggests that this combination of subunits may ( Figure 1A ). Subunit assembly and arrangement might occur in some preferred manner, dictated by specific represent the composition of the native cone photoreceptor CNG channel (Hackos and Korenbrot, 1997; interactions among subunit-association domains, or it could be a stochastic process. In the latter case, Haynes and Yau, 1985; Haynes, 1992; Picones and Korenbrot, 1992). random subunit assembly and the corresponding properties of the resulting channels would be expected to To determine whether CNGB3 and CNGA3 subunits combine at random to form heteromeric channels or be very sensitive to the ratio of expressed CNGB3 and CNGA3 subunits.
instead assemble with a preferred stoichiometry, we examined the functional properties of heteromeric chanWe expressed human CNGB3 and CNGA3 subunits together in Xenopus oocytes and recorded macroscopic nels arising from co-injection of mRNA for CNGB3 and Figures 1A and 1D) were the properties of ments are best able to form channels with properties the resulting channels in close agreement with those of matching those of heteromeric channels assembled heteromeric channels formed by CNGB3 plus CNGA3 from monomeric CNGB3 and CNGA3. Tetrameric chanmonomers. nels can form by assembly of two of these tandem diFrom previous studies using tandem-dimer conmers. The linker between two subunits was chosen to structs, there is evidence indicating that the trailing be flexible and short, to minimize the effect of the linkage (COOH-terminal) subunit of a tandem dimer can someon the properties of the resulting channels but also to times be excluded from the pore-forming tetramer; this constrain linked subunits to be adjacent within the tetrais thought to be more likely to occur if inclusion of that mer. Assuming head to tail assembly of two dimers, the subunit is adverse to optimal channel formation (Liman predicted subunit arrangement for some of the exet al., 1992; McCormack et al., 1992; Shapiro and Zapressed tandem dimers or dimer combinations is degotta, 1998). The dissimilar behavior of A3/B3 versus picted in Figure 1D . Co-expression of A3/A3 with B3/ B3/A3 tandem dimers expressed individually, and the B3 dimers, or of A3/B3 with reciprocal B3/A3 dimers, is correspondence between the currents observed with expected to permit the formation of heteromeric chan-A3/B3 dimers and those of A3/A3 homomeric channels, nels with like subunits positioned adjacent to each other suggests that at least for A3/B3 expression this might ( Figures 1A and 1D, Model 2a) . In contrast, expression be the case. To confirm that both subunits of A3/A3 and of A3/B3 or B3/A3 dimers alone is expected to favor B3/B3 tandem homodimers were equally competent for formation of heteromeric channels with like subunits participation in the formation of heteromeric channels diagonally opposed ( Figures 1A and 1D, Model 2b) . and to test for unequal numbers of CNGA3 and CNGB3 As expected, expression of B3/B3 dimers alone did subunits in the tetramer (Models 1 and 3, Figure 1A ), not give rise to functional CNG channels (data not reciprocal dimers were engineered such that either the shown). Co-expression of B3/B3 with A3/A3 dimers, or leading or trailing subunit contained a marker mutation of B3/A3 with A3/B3 dimers, led to the formation of expected to alter the functional properties of the exchannels that exhibited properties that closely resempressed channels when that marked subunit is incorpobled those of channels assembled from CNGB3 and rated into tetramers. Each of these A3/A3 or B3/B3 het-CNGA3 monomers ( Figures 1B, 1C , and 2A-2E). Current erodimer constructs was co-expressed with CNGB3 or records at ϩ80 mV and Ϫ80 mV in saturating ligand CNGA3, respectively. The basic properties of the chanconcentrations showed that both B3/B3ϩA3/A3 channels formed under these conditions are predicted to be nels and B3/A3ϩA3/B3 channels displayed the characidentical to each other if both subunits of the dimer teristic high relative cAMP efficacy compared to cGMP, gain membership into the pore-forming tetramer (as in altered steady-state rectification in cAMP and cGMP, Figures To add a functional tag to CNGA3 subunits in tandem dimers, we used mutation of a conserved aspartic acid these channels for cGMP or cAMP were similar to those tion of channels that displayed apparent affinities for cGMP intermediate between CNGB3-containing heteromeric channels with all wild-type or all mutant CNGA3 subunits ( Figures 3B and 3C ). In addition, B3ϩA3*/A3 channels were indistinguishable from B3ϩA3/A3* channels for this parameter. To confirm that these subunit combinations formed heteromeric channels, we also tested their sensitivity to block by L-cis-diltiazem. B3ϩA3*/A3 channels and B3ϩA3/A3* channels were both readily blocked by L-cis-diltiazem ( Figure 3D ). In addition, B3ϩA3*/A3 channels and B3ϩA3/A3* channels exhibited the elevated fractional activation by saturating cAMP compared to cGMP that is characteristic of heteromeric CNGB3ϩCNGA3 channels ( Figure 3E ). Together, these results strongly suggest that heteromeric cone CNG channels contain at least two CNGA3 subunits and that the CNGA3 subunits are arrayed adjacent to each other in the tetramer ( Figure 3A , prediction for Model 2a).
To address the question of the number of CNGB3 subunits in heteromeric channels, we used a mutation in the S6 membrane-spanning domain of CNGB3 that has been linked to complete achromatopsia in humans (Figures 3B and 3C ). As expected, channels and 4C). Likewise, steady-state rectification of currents formed by expression of individual A3/A3 dimers with in saturating cAMP was also indistinguishable for B3*/ the D609K mutation (*) in the leading (A3*/A3) or trailing B3 or B3/B3* dimers and intermediate between that of (A3/A3*) subunit of the dimer generated channels that the respective homodimers ( Figure 4D ). Similar results exhibited a K 1/2 for activation by cGMP that was intermewere observed with co-expression of the various B3/B3 diate between channels containing all wild-type or all dimers with A3 monomers (data not shown). Finally, mutant subunits. Similarly, co-expression of CNGB3 I max,cAMP /I max,cGMP for mutant B3/B3 dimers co-expressed with A3/A3 was significantly higher than that observed subunits with A3*/A3 or A3/A3* dimers led to the forma- for A3/A3 or A3 homomeric channels, confirming that metries for heteromeric channels provide specific prethe channels studied here were largely heteromeric (Figdictions about the products arising from limited chemical ure 4E). These findings together indicate that both B3 crosslinking: a two plus two stoichiometry of CNGA3 subunits of a B3/B3 dimer gain membership into the and CNGB3 subunits is expected to yield all possible pore-forming tetramer, suggesting that cone CNG chandimer combinations after crosslinking, while the presnels contain two B3 subunits and that like subunits are ence of only one CNGA3 subunit or one CNGB3 subunit positioned adjacent to each other ( Figure 4A , prediction in the tetramer should lead to an absence of crosslinked for Model 2a).
A3-A3 or B3-B3 dimers, respectively. To calibrate the sizes for crosslinked CNGA3 subunits, cell lysates obtained from oocytes expressing FLAG-tagged CNGA3 Biochemical Determination of Cone (FLAG-A3) alone were subjected to crosslinking, and Channel Stoichiometry the resulting protein products were separated by SDSWe used chemical crosslinking of epitope-tagged sub-PAGE and detected by Western blotting ( Figure 5A ). units to directly determine the number of each subunit Monomers of FLAG-A3 exhibited a molecular weight of in assembled heteromeric CNG channels. Crosslinking 73 Ϯ 2 kDa; presumptive crosslinked dimer and trimer of rod CNG channel subunits has proven to be a powerful species had molecular weights of 149 Ϯ 4 and 219 Ϯ 4, tool for investigating subunit interactions of recombirespectively (n ϭ 3). In addition, an even larger species nant ( ) to intact ootwo CNGB3 subunits are associated together at the oocyte plasma membrane. cytes was used to target mature channels in the oocyte plasma membrane. Prior to and during crosslinking, ooTo independently confirm that two CNGB3 subunits associate during channel assembly, we also investicytes were exposed to the membrane-permeable channel activator 8-pCPT-cGMP to potentially increase the gated cone CNG channel intersubunit interactions using a second biochemical approach. For these experiments, number of accessible primary amines (Varnum et al., 1995b; Weitz et al., 2002) . The crosslinking reaction was we employed co-immunoprecipitation assays with differentially tagged CNGB3 (and CNGA3) subunits exterminated and the crosslinked products were visualized by Western blotting. As shown in Figure 5B , monopressed in oocytes. As expected, FLAG-tagged CNGB3 subunits were readily co-immunoprecipitated with GFPmeric FLAG-A3 and FLAG-B3 (95 Ϯ 1 kDa) were visible as well as prominent bands with molecular weights tagged CNGA3 subunits using an anti-GFP antibody affinity matrix ( Figure 6A) . Similarly, FLAG-tagged CNGB3 corresponding to those expected for A3-A3, B3-A3 (171 Ϯ 2) and B3-B3 (193 Ϯ 3) crosslinked species subunits were co-immunoprecipitated from oocyte lysates containing GFP-tagged CNGB3 subunits and non-(n ϭ 4). The generation of these three crosslinked dimers is consistent with the presence of two CNGA3 subunits tagged CNGA3 subunits. As a control, we performed parallel experiments with the CNGB1 and CNGA1 suband two CNGB3 subunits in the intact channel.
The size of the presumptive B3-B3 crosslinked speunits of rod photoreceptor CNG channels. While CNGB1 and CNGA1 subunits readily associated, interactions cies ( Figure 5B ) appeared to be smaller than that of the A3-A3-A3 crosslinked species ( Figure 5A ). To verify the between CNGB1 subunits were not observed ( Figure  6B ). This finding is in agreement with recent experiments identity of this ‫091ف‬ kDa band, we additionally examined oocytes expressing tagged CNGB3 subunits with nondemonstrating that only one CNGB1 subunit is present in heteromeric channels formed by assembly with either tagged CNGA3 subunits. Under these conditions, a B3-B3 species would be visible after in situ crosslinking CNGA1 ( Together, these results demonstrate that two CNGB3 subunits are assembled together and that the number dicted for B3-B3 dimers was still evident; another band probably representing B3-A3 crosslinked subunits was of CNGB1 or CNGB3 subunits in heteromeric channels is dissimilar. also apparent ( Figure 5C ). These results indicate that The failure of channels formed by B3/A3 or A3/B3 dimers to recapitulate the essential properties of channels generated by co-injection of mRNA encoding CNGB3 and CNGA3 monomers, along with the dissimilar behavior of the reciprocal B3/A3 and A3/B3 dimers, provides evidence against a A3-B3-A3-B3 arrangement of subunits for cone CNG channels. In addition, results for B3/A3 dimer expression suggest that these channels can be constrained to adopt an unfavorable subunit configuration but that they are inefficiently expressed and their properties do not resemble those of channels created by unfettered assembly of CNGB3 and CNGA3 monomers. ., 2003b) . These results provide evi-60% identity in predicted amino acid sequence, excluding the extreme NH 2 -and COOH-terminal regions. Sedence for preferred rather than stochastic assembly of CNGB3 and CNGA3 subunits.
quence divergence for CNGB1 and CNGB3 is expected The data were expressed as mean Ϯ SD unless otherwise indicated. cDNA constructs, the stop codon for the leading subunit and the Statistical significance was determined using a Student's t test or start codon for the trailing subunit were replaced by a short linker Mann-Whitney rank sum test (SigmaStat; SPSS), and a p value sequence (IAGGGGGRARLPA), combining the coding sequences for the two subunits in a single open reading frame. The gene fusion of Ͻ0.05 was considered significant.
